ABSTRACT
INTRODUCTION
Pituitary adenylate cyclase activating polypeptide (AD-CYAP 1, or PACAP) is a ubiquitously expressed neuro- peptide that was originally isolated from preparations of ovine hypothalami and was named for its ability to stimulate cAMP production in rat anterior pituitary cells [1] . Neurons containing Pacap mRNA are widely distributed throughout the central nervous system with the highest concentration within the diencephalon in the lateral habenular nucleus, the paraventricular nucleus (PVN), the preoptic nucleus (POA), and the ventromedial hypothalamic nucleus [2] . Many PACAP immunoreactive nerve terminals are found within the median eminence, and the plasma concentration of PACAP in the pituitary stalk in rats is 2-to 4-fold higher than in the peripheral circulation [3, 4] . Binding studies identified PACAP-specific receptors on anterior pituitary cell membranes of rats [5] , and experiments using biotinylated PACAP ligand localized PACAP receptor binding to each anterior pituitary cell type [6] . These data suggest that PACAP has a role as a hypophysiotropic factor.
There is strong evidence that PACAP plays a role in the synthesis and secretion of the gonadotropins. In primary cultures of rat pituitary cells, PACAP stimulates the activation of both adenylate cyclase and phospholipase C [7, 8] and stimulates the secretion of each of the gonadotropins in a dose-dependent manner [9] [10] [11] . In vitro, PACAP stimulates transcription of gonadotropin glycoprotein hormones and alpha subunit (Cga, or a-subunit) mRNA, lengthens luteinizing hormone beta (Lhb) mRNA and presumably prolongs its half-life, but reduces follicle-stimulating hormone beta (Fshb) mRNA levels [3] . The decreased levels of Fshb mRNA are likely due to decreased activin stimulation of Fshb transcription, as PACAP significantly increases pituitary expression of the potent activin sequestering peptide follistatin [3, 12] . PACAP also enhances GnRH-stimulated gonadotropin secretion from cultures of primary rat pituitaries as well as from ␣T3 cells [3, 8, 10] . This may be partly due to stimulation of GnRH receptors [13, 14] or to increasing the number of gonadotrophs that respond to the GnRH signal [15] , among other mechanisms. Thus, PACAP may have an in vivo role in gonadotropin regulation by acting synergistically with GnRH to stimulate gonadotropin secretion and regulate the expression of the gonadotropin subunits; however, studies demonstrating modulation of PACAP signaling to the pituitary under physiological conditions in vivo have been, for the most part, inconclusive.
Systemic administration of PACAP to conscious male rats significantly increased circulating levels of LH [16, 17] , while PACAP injection into the lateral ventricle of the rat brain produced little or no rise in circulating LH [16] . These variable effects suggest that PACAP acts directly on the pituitary gland in vivo to stimulate LH release. On the other hand, administration of the full-length PACAP (1-38) peptide into the third ventricle on the afternoon of proestrus abolished the ensuing LH surge [18, 19] , while the same treatment using the naturally occurring, truncated PACAP (1-27) peptide enhanced the LH surge [18] . Systemic administration of PACAP before the estrous surge had no enhancing or detrimental effects on LH secretion or subsequent ovulation [20] .
Studies have shown that steroids influence PACAP expression in various tissues. In preovulatory ovarian follicles, progesterone stimulates PACAP synthesis [21] [22] [23] . In ovariectomized mice and rats, progesterone increased PA-CAP peptide and mRNA levels, respectively, in the medial basal hypothalamus (MBH) [24, 25] . Progesterone and estrogen both increased Pacap mRNA expression within the ventromedial nucleus of ovariectomized rats. A preliminary report in cycling female rats suggested that expression of Pacap mRNA in the anterior pituitary is increased on the afternoon of proestrus (W. Wuttke, abstract, Neuroendocrinology 1994; 60[suppl 1]:17). Furthermore, Pacap mRNA expression in the MBH and preoptic area declines several days before the first ovulation in prepubertal rats and subsequently increases in the MBH on the first day of proestrus [26] . These results suggest that changing concentrations of circulating steroid hormones during the reproductive cycle may regulate PACAP expression. However, there have been no published reports relating PACAP expression within the hypothalamus or pituitary to the events of the natural estrous cycle in mammals.
The present experiments were performed to characterize changes in Pacap mRNA expression within the hypothalamus and anterior pituitary gland during the estrous cycle in rats. We reasoned that if PACAP enhances responsiveness to GnRH or plays a role in the differential regulation of Fshb mRNA through follistatin, a rise in PACAP expression should precede these events in the estrous cycle. In a pilot investigation, we observed a significant increase in Pacap mRNA expression in the paraventricular nucleus (PVN) following ovariectomy in rats (85th annual meeting of the Endocrine Society, Philadelphia, PA, June 19-22, 2003 , abstract P2-647). In addition, we documented a reciprocal relationship between pituitary Fshb expression levels and Pacap mRNA expression within the PVN of maturing male rats [27] . Therefore, we chose to examine Pacap mRNA expression in the PVN of cycling rats by employing in situ hybridization. Dynamic changes in expression levels of the gonadotropin subunits and pituitary follistatin were evaluated and compared to the expression of PACAP mRNA within the PVN and anterior pituitary gland.
MATERIALS AND METHODS

Animals
Female Sprague-Dawley rats (8 wk old), obtained from Charles River Laboratories (Wilmington, MA), were maintained in a temperature-controlled environment with a 14L:10D photoperiod (0400-1800 lights-on) and provided laboratory chow and water ad libitum. All experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals according to a protocol approved by the Animal Care and Use Committee of the University of Louisville. Female Sprague-Dawley rats were monitored daily for stage of the estrous cycle by vaginal cytology. Animals were studied further only if two consecutive 4-day cycles were documented. Groups of cycling female rats (six per group) were killed at 0900 h on each day of the cycle and at 1200, 1500, 1800, 2100, and 2400 h on the day of proestrus. Animal subjects were decapitated after lethal exposure to carbon dioxide, and trunk blood was collected. The pituitaries were harvested and rapidly frozen in RNA extraction buffer, and the brains were removed and rapidly frozen in mounting medium on ethanol/dry-ice slurry. The pituitaries and brains were then stored at Ϫ80ЊC.
Immunoassays
An enzyme immunoassay developed by Amersham Pharmacia Biotech (Peapack, NJ) was used to measure LH protein in serum. The within-assay coefficient of variation of replicates in the standard curve was Ͻ7.6%. The range of the assay standards was 0.41-100 ng/ml.
RNA Extraction and Northern Analysis
RNA was extracted using the Perfect RNA total RNA Isolation kit (5 Prime-3 Prime, Boulder, CO). The concentration of total RNA was determined by reading the optical density at 260 nm. Sample purity was determined by calculating the ratio of sample absorbance at 260:280 nm, and samples were rejected if the ratio was less than 1.8. For Northern analysis, aliquots of pituitary RNA samples were subjected to electrophoresis on 1.2% agarose-formaldehyde gels. The RNAs were transferred to Nytran membranes (Schleicher & Schuell, Keene, NH) and cross-linked to the membranes by baking for 2 h at 80-90ЊC, followed by irradiation for 2 min with ultraviolet light. Purified cDNAs for rat Fshb (Dr. Richard Maurer, Oregon Health Sciences University, Portland, OR) and Lhb (Dr. James Roberts, Mount Sinai School of Medicine, New York, NY) were labeled by the random primer method with [ 32 P]dCTP (3000 Ci/mmol; New England Nuclear Research Products, Boston, MA) to a specific activity of 6-8 ϫ 10 8 dpm/g, as described previously [27] . Labeled probes were added to the hybridization solutions at a concentration of approximately 5 ng/ml for 48-72 h. Membranes were washed, autoradiographed, and analyzed using a Bio-Rad GS-700 Imaging Densitometer (Hercules, CA). Membranes were rehybridized without stripping for normalization to cyclophilin cDNA.
In Situ Hybridization
Preparation of tissues. Cryostat-cut, fresh-frozen coronal sections (thickness, 14 m) were saved at levels from the optic chiasm to the mamillary bodies. Sections were thaw-mounted onto chrom-alum/gelatin subbed slides, dried, and stored at Ϫ80ЊC before processing. Tissue sections were fixed by immersion in 4% paraformaldehyde in 0.1 M PBS (pH 7.2) for 5 min and then rinsed with 0.1 M PBS for 3 min. Slides were then immersed for 10 min in a solution of 0.25% acetic anhydride containing 0.1 M triethanolamine (pH 8.0). Sections were rinsed with 0.2ϫ SSC (30 mM sodium chloride and 3 mM sodium citrate) for 10 min, dehydrated through a graded series of ethanols, and dried in a desiccator.
Preparation of radiolabeled probes. Pacap mRNA in the PVN was detected using a 33 P-labeled riboprobe [27] . A 670-base pair (bp) Pacap cDNA subcloned into pGEM-3Zf(Ϫ) was received from Dr. A. Arimura (Tulane University, Belle Chasse, LA). The plasmid was linearized with BamH1 and transcribed with T7 RNA polymerase using the MAXIscript kit (Ambion, Austin, TX) to produce a 670-bp, 33 P-labeled antisense riboprobe. Labeling was accomplished by adding [␣-33 P] uridine 5Ј-triphosphate to produce probes with a specific activity of approximately 2 ϫ 10 7 cpm/pmol. A sense probe was used to document background hybridization.
Hybridization. Groups of slides for hybridization were from six animals per group, with three slides from each animal containing three 14-m sections. The specific slides for each animal correspond to 1) 42-84 m posterior to the optic chiasm, 2) 28-56 m anterior to the start of the arcuate nucleus, and 3) the slide containing sections midway between the first two. Matched sections through the hypothalamus were hybridized with 100 l of heat-denatured hybridization buffer containing 0.2 pmol of sense or antisense probe pipetted onto each section at 55ЊC for 16 h. Following hybridization, sections were rinsed with 2ϫ SSC for 30 min and then incubated with 5 g/ml of ribonuclease A (RNase A, Sigma type X-A; Sigma, St. Louis, MO) in RNase buffer (10 mM Tris, 0.5 M NaCl, and 1 mM EDTA, pH 8.0) for 30 min at 37ЊC followed by a 30-min rinse with RNase buffer. Sections were then rinsed with 0.1ϫ SSC at 60ЊC for 1 h, dehydrated through ethanol, and dried in a dessicator.
Slides were then dipped into Kodak NTB-3 emulsion at 44ЊC and stored in light-tight boxes at 4ЊC. Slides were developed after 21-28 days with Kodak D-19 developer for 4 min at 15ЊC, fixed with Kodak fixer for 6 min, stained with hematoxylin, coverslipped with DePeX (Gurr-BDH Chemicals Ltd, Poole, UK), and examined with a Nikon photomicroscope (Nikon Corporation, Tokyo, Japan).
Analysis. Pacap labeling within the PVN was quantified at the population and single-cell levels. Digital images of the PVN on each section FIG. 1. Serum LH, Lhb, and Fshb mRNA levels across the estrous cycle. Serum LH levels confirm cycle stage. MET, Metestrus; DI, diestrus; PRO, proestrus; EST, estrus. Results are shown as the mean Ϯ SEM from six animals per time point. Lhb and Fshb mRNA levels were determined by Northern hybridization with normalization to cyclophilin mRNA levels. Data are expressed relative to levels at 0900 h on proestrus. *, significantly different (P Ͻ 0.05) from preceding data point as determined by ANOVA and post hoc Fisher PLSD analysis.
were produced using a Nikon microscope and image-analysis software. Pacap labeling in the PVN was evaluated by analyzing the optical densities of the areas corresponding to the PVN in each section using Scion Image analysis software (Scion Corp., Frederick, MD). Numbers of Pacap mRNA-containing cells were determined by counting all labeled cells in each of three sections per animal. Individual labeled cells were identified under high power using bright-field microscopy. Only labeled cells with an identifiable nucleus were included in the analysis. The number of pixels covered by reduced silver grains overlying each labeled cell was counted for all labeled cells in each of three regions per PVN per animal using a Scion Image analysis system. Extreme care was taken to ensure that lighting was constant for all sections analyzed within a given series. Background labeling per unit area was estimated for each section by averaging the number of pixels covered by silver grains in each of 10 fields without labeled cells across the cortex. Background was calculated and subtracted from each cell. Only those cells for which the number of overlying pixels exceeded the background by 4 SD were considered labeled and were included in the analysis. In this way, the sections served as their own internal controls.
Measurement of Pituitary Follistatin mRNA
Quantitative reverse transcriptase-polymerase chain reaction. A previously described competitive template quantitative reverse transcriptasepolymerase chain reaction (RT-PCR) assay was used to measure total follistatin (Fst) mRNA levels [28] . Fst cDNA (Dr. Kelly Mayo, Northwestern University, Evanston, IL) was size-altered by substituting a 163-bp fragment of unrelated DNA for a 72-bp SplI/AccIII segment to create a competitive template that was used as an internal standard. The method therefore allows the same oligonucleotide primers to be used to amplify the native and competitive template cDNAs. Samples from each experimental group were analyzed simultaneously.
Real-Time PCR for mRNA Encoding 288 Amino Acid Form of Follistatin
Follistatin mRNA is subject to alternative splicing resulting in two peptides consisting of 314 or 288 amino acids. We evaluated expression of the mRNA species encoding for the 288 amino acid form of FST (Fst-288, or Fst-344) that encodes for a precursor peptide referred to as follistatin 344 (FST-344). FST-288 binds heparin sulfate proteoglycans as well as activin and has a 10-fold greater FSH-suppressing activity than FST-315 [29] . We have shown previously that expression of Fst-288 varies independently of total Fst mRNA during sexual maturation [27] .
Construction of cRNA standard curves. For quantitative real-time PCR (qRT-PCR), a standard curve of known amounts of Fst-288 mRNA was prepared. Briefly, Fst-288 specific primers (forward-5Ј-GA-GGCCCAAAAGACAAAACA-3Ј) and (reverse-5Ј-ATGGGGGAATACA GGGAGAG-3Ј) were synthesized with and without a T7-promoter sequence (5Ј-GGATCCTAATACGACTCACTATAGGGAGG-3Ј) at the 5Ј end of the forward primer and with an oligo-dT(T 12 ) at the 5Ј end of the reverse primer. PCR was performed to produce cDNA containing the T7 promoter sequence. The PCR product (1 g) was then used as template in an in vitro transcription reaction (MAXIscript T7 kit; Ambion, Austin, TX). The subsequent cRNA was quantified using a spectrophotometer and serial diluted to make a standard of known starting material containing 10 11 -10 4 molecules cRNA. These standards were processed in parallel with experimental RNA samples for quantitative real-time PCR using the primers lacking the T7 and dT sequences. The same technique was used for analysis of PACAP mRNA within the anterior pituitary gland. The specific primers used were (forward-5Ј-CCTACCGCAAAGTCTTGGA C-3Ј) and (reverse-5Ј-TTGACAGCCATTTGTTTTCG-3Ј).
Quantitative real-time PCR. RNA (2 g) isolated from pituitary samples was reverse transcribed in parallel with cRNA standards using an oligo dT (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) as the primer. Reverse-transcribed cRNA standards and samples were amplified in parallel by PCR on a Stratagene MX4000 Multiplex Quantitative PCR System (Stratagene, La Jolla, CA) using the Brilliant SYBR Green QPCR Master Mix (Stratagene) and the primers designed for use in the cRNA standard preparation but without the T7 and oligo-dT sequences. Accumulation of PCR product was monitored in real time (Mx4000; Stratagene), and the crossing threshold (Ct) was determined using the Mx4000 software. For each set of primers, a no-template control and a no-reverse amplification control were included. Postamplification dissociation curves were performed to verify the presence of a single amplification product in the absence of DNA contamination. Concentrations of mRNAs were determined using the change in crossover time method with normalization to glyceraldehyde-3-phosphate dehydrogenase mRNA and interpolation using the standard curve of known starting mRNA concentrations.
RESULTS
Verification of Estrous Cycles in Female Rats
Serum levels of LH were measured to verify the stage of the estrous cycle. As depicted in Figure 1 , the female rats studied demonstrated a significant surge in LH concentrations at 1500 h on the day of proestrus. These results are consistent with those of other investigations in which cycling female rats were maintained on a similar light:dark schedule with a peak in LH occurring between 3 and 2 h before lights-off [30] [31] [32] .
Changes in Pituitary Steady-State Levels of Lhb and Fshb mRNAs During the Rat Estrous Cycle
Significant changes in Lhb expression were found throughout the rat estrous cycle (Fig. 1) . We observed a significant decline in Lhb mRNA levels between 0900 h on diestrus and 0900 h on proestrus followed by a significant increase between 1500 and 1800 h on the afternoon of proestrus. Lhb mRNA levels demonstrated a second significant decline between 2400 h proestrus and 0900 h on the morning of estrus. Fshb mRNA levels also demonstrated significant variation across the estrous cycle. Fshb mRNA levels rose throughout the morning of proestrus to a peak at 1200 h. A decline in Fshb mRNA was observed between 1500 and 1800 h on the afternoon of proestrus, followed by an abrupt and significant increase between 2100 and 2400 h in the evening of proestrus. This second rise in Fshb mRNA levels was short lived, and a significant decline was observed between 2400 h proestrus and 0900 on the morning of estrus.
PACAP mRNA Expression Levels Within the PVN During the Rat Estrous Cycle
Analysis of Pacap mRNA levels in the PVN summarized in Figure 2 revealed significant variations throughout the estrous cycle, with the most striking change in expression occurring on the afternoon of proestrus. Measurements of the mean overall intensity of Pacap mRNA labeling within the midpoint of the PVN of each group were evaluated for statistical differences. A significant decrease in Pacap mRNA labeling was observed between the mornings of metestrus and diestrus. Furthermore, a dramatic and significant (P Ͻ 0.0001) rise in Pacap mRNA labeling was observed between 0900 and 1200 h on the morning of proestrus followed by a significant (P ϭ 0.0006) decline between 1200 and 1500 h. The intensity of PVN Pacap mRNA labeling at proestrus 1200 was significantly higher than at all other times examined. The timing of this surge in PVN Pacap mRNA labeling ( Fig. 2A ) was 3 h before the previously mentioned surge in circulating LH (bars, Fig.  2B ). Analysis of Pacap labeling at the level of the individual cell in the PVN revealed a slight but nonsignificant increase in the number of Pacap mRNA-positive cells at 1200 h on the day of proestrus (Fig. 2B) . Instead, the observed fluctuations in overall PVN Pacap mRNA labeling intensity during the estrous cycle were due primarily to corresponding significant changes in Pacap expression within individual cells, as determined by the number of reduced silver grains per labeled cell (Fig. 2C) . Using nomenclature described by Wiegand and Price [33] , Pacap mRNA was found in individual cells in the lateral and dorsal subdivisions of the PVN. Pacap mRNA-positive cells were infrequently observed within the medial, or parvocellular, part of the PVN. In sections collected from the midpoint of the PVN, Pacap mRNA was localized predominantly within the lateral PVN with a few positive cells within the dorsal division. Increased Pacap mRNA expression at 1200 h on the day of proestrus was observed in both the lateral and the dorsal divisions of the PVN.
The Afternoon Rise in Pacap mRNA Is Specific to the Day of Proestrus
To determine if the midday rise in PVN Pacap mRNA was unique to the day of proestrus, a second experiment was performed using coronal sections from the midpoint of the PVN from female rats at 0900, 1200, and 1500 h on the days of diestrus as well as proestrus. As in the previous experiment, a significant rise in PVN Pacap mRNA labeling was observed between 0900 and 1200 h on the day of proestrus (Fig. 3) . In contrast, there was no significant change in the level of Pacap mRNA labeling at these times on the day of diestrus.
Regional Distribution of Pacap mRNA Expression Within the PVN
Quantitative analyses were performed to evaluate the regional distribution of Pacap mRNA expression throughout the PVN as depicted in Figure 4 . In coronal sections of the PVN, Pacap mRNA labeling was localized to the lateral and medial divisions in the anterior (rostral) portion of the PVN, and labeling was predominant in the posterior division of the PVN in sections from the posterior (caudal) PVN. As summarized in Figure 5 , PACAP mRNA-positive cells were localized throughout the PVN; however, a greater number of cells per section were observed in the middle portion of the PVN, primarily within the lateral division. Analysis of the overall density of Pacap labeling in individual coronal sections through the anterior, middle, and posterior extent of the PVN reflected the predominance of Pacap mRNA-labeled cells in the middle portion of the PVN. Furthermore, the rise in PVN Pacap mRNA labeling observed at midday on proestrus was significant only on coronal sections from the middle region of the PVN (Fig.  5) .
Pituitary FST Expression During the Estrous Cycle
Competitive template-quantitative PCR was performed to analyze pituitary Fst mRNA levels throughout the estrous cycle. Our initial analysis revealed no significant change in total pituitary Fst mRNA levels during the estrous cycle (Table 1) . We also examined the levels of pituitary expression of the mRNA species encoding for the 288 amino acid isoform of FST peptide. Real-time PCR analysis revealed a significant increase in Fst-288 mRNA levels between 2400 h on proestrus and 0900 h on the morning of estrus (Table 1) .
Pituitary PACAP Expression During the Estrous Cycle
Quantitative real-time PCR analysis of pituitary Pacap mRNA levels revealed significant changes in expression in the evening hours of proestrus (Fig. 6) . A modest decline in the amount of pituitary Pacap mRNA was observed between 1500 and 1800 h on proestrus following the LH surge. The amount of Pacap mRNA remained lower between 1800 and 2100 h, followed by a significant increase between 2100 and 2400 h. Interestingly, this pattern was similar to that observed for the expression of Fshb (Fig. 1) ; however, the levels of Fshb declined significantly during the early hours on the day of estrus (Fig. 6) , whereas Pacap mRNA levels did not decline significantly.
DISCUSSION
Gonadotropin synthesis and secretion are regulated by GnRH, gonadal steroids, and the gonadal-derived peptides inhibin, activin, and follistatin [34] . The present experiments add anatomical and temporal data in support of the hypothesis that the neuropeptide PACAP may also play a role in gonadotropin regulation during the rat estrous cycle. We observed significant variations in Pacap mRNA expression within the PVN and anterior pituitary gland. Pacap expression in the PVN rose significantly 3 h before the LH surge on the afternoon of proestrus. Pituitary expression of Pacap rose significantly on the evening of proestrus and was followed by a significant rise in Fst-288 mRNA expression and a decline in Fshb mRNA expression. These data strengthen our hypothesis that PACAP acts as a hypophysiotropic factor to modulate gonadotroph responsive- ness to GnRH as well as an intrapituitary factor involved in selective suppression of FSH levels through stimulation of follistatin expression. Pacap mRNA levels in the PVN rose more than 2-fold between 0900 and 1200 h on proestrus approximately 3 h preceding the LH surge. This finding is consistent with the hypothesis that PACAP is involved in the physiological regulation of the gonadotropins during the estrous cycle. Although we did not measure PACAP protein levels or secretion, other investigations have demonstrated that newly synthesized hormones are preferentially secreted following stimulatory input [35] [36] [37] . The changes in PVN Pacap mRNA were due to increased expression in a relatively stable population of cells. In addition, the midday rise in Pacap mRNA expression within the PVN was found to be specific to the day of proestrus. This finding eliminates the possibility of a daily variation in Pacap expression in the PVN because of the daylight cycle but does not preclude the involvement of PACAP of a different origin in diurnal regulation of the pituitary or any other system.
The distribution of Pacap mRNA within the PVN of the female rat suggests that PACAP is synthesized within a subset of magnocellular neurons. The majority of magnocellular neurons extend terminal processes to the posterior pituitary gland. Therefore, PACAP secreted from the magnocellular neurons could reach gonadotrophs via the short portal vessels from the posterior lobe to the anterior lobe [38] or via the small number of neurons within the lateral magnocellular division of the PVN that extend axons that terminate in the median eminence [33] . Pacap mRNA-labeled neurons were also observed within the posterior subdivision of the PVN that is comprised of parvocellular neurons based on size and efferent projections. Therefore, PA-CAP could also be delivered to gonadotrophs in the anterior pituitary via the hypothalamic-pituitary portal system of capillaries. Indeed, PACAP peptide levels in the portal vasculature in rats were 2-to 4-fold higher than in the circulation; however, the source(s) of portal PACAP is not known [39] .
The observation that Pacap mRNA-labeled neurons are predominant within the magnocellular neurons within the lateral subdivision of the PVN suggests colocalization with oxytocin and/or vasopressin. Other neuropeptides known to colocalize in magnocellular neurons include cholecystokinin, dynorphin, corticotropin-releasing factor, angiotensin II-, dynorphin, and galanin [40] . In ovariectomized rats, peptides that are localized to vasopressinergic cells showed evidence of enhanced expression in response to exogenous estrogen, while at least two peptides that colocalized with oxytocin appeared driven in the opposite direction [40] . Furthermore, the regional distribution of estrogen receptor beta immunoreactivity in the PVN [41] is very similar to that observed for Pacap mRNA in this investigation. Thus, the rise in Pacap mRNA on 1200 h of proestrus may have been induced by the antecedent increase in circulating estradiol [42] .
Steroid hormone regulation of Pacap expression has previously been established. Within the rat ovary, cAMP signaling stimulates Pacap mRNA expression, and that stimulation is enhanced by progesterone receptor activation [21] . In ovariectomized rats, estrogen priming, progesterone, and combined estrogen with progesterone treatment each induced a significant increase in Pacap mRNA expression within the ventromedial nucleus of the hypothalamus [24] . In a similar model, progesterone, progesterone together with estrogen, but not estrogen alone induced a significant increase in Pacap and PACAP receptor mRNA expression in the medial basal hypothalamus as well as PA-CAP receptor mRNA in the preoptic area of the hypothalamus [25] . Because intracerebroventricular (i.c.v.) injection of PACAP stimulates Gnrh mRNA expression [43] and i.c.v. injection of PACAP receptor antisense oligodeoxynucleotide decreased Gnrh mRNA expression [26] , estrogensensitive PACAP neurons within the PVN may influence GnRH neurons during the estrous cycle. PACAP neurons within the PVN could directly contact GnRH neurons through specific efferent pathways into the organum vasculosum laminae terminalis [44] or through modulation of GnRH release from axon terminals within the median eminence.
It is also possible that the rise in PVN Pacap mRNA expression at midday on proestrus is coincidentally related to the gonadotropin surge. It is well known that reproductive behavior in rats is tightly coupled to gonadotropin and GnRH release. Therefore, it is entirely possible that the increase in PVN Pacap expression is more directly related to female receptivity to mating following the gonadotropin surge. Apostolakis et al. [24] demonstrated that i.c.v. administration of PACAP to estrogen-primed ovariectomized rats resulted in a dose-dependent increase in female receptivity to mating in a manner similar to that invoked by progesterone administration. This increase in reproductive behavior was blocked dose dependently by preadministration of a PACAP antagonist. Furthermore, the PACAP antagonist also blocked the progesterone-stimulated increase in reproductive behaviors. Other evidence linking PACAP expression to reproductive behavior is the observation that female mice that are genetically deficient in PACAP expression are infertile and display an almost complete lack of receptivity [45] .
Another potential role for PACAP is to regulate expression of GnRH receptors and thereby GnRH responsiveness. PACAP stimulates GnRH receptor transcription in immortalized L␤T-2 gonadotroph cells [13, 14] . Since GnRH receptor levels increase before the gonadotropin surge on the afternoon of proestrus [46] , increased PACAP signaling in the pituitary could increase GnRH receptor expression and increase gonadotroph responsiveness.
While PACAP has been viewed as a hypophysiotropic factor, Pacap mRNA and protein have also been detected in the pituitary, and the peptide may also function as a paracrine regulator of gonadotrophs. An increase in the expression of pituitary Pacap mRNA on the afternoon of proestrus was previously described in a preliminary report by Wuttke and colleagues (abstract, Neuroendocrinology 1994; 60: S1:17). Koves and colleagues [47] reported that PACAP immunoreactive cells are detectable within the rat anterior pituitary on proestrus but not during other times of the cycle and that PACAP was localized within cells that were immunoreactive for LH and FSH peptide. The secretion of PACAP by rat pituitary cultures from various time points on the day of proestrus was also observed [48] , and the number of PACAP-secreting pituitary cells was increased at 1000 and 2000 h on proestrus but nearly absent at 1600 h. There were 12 times as many cells secreting PACAP at 2000 h as compared to 1000 h. Conversely, there were very few PACAP-secreting cells derived from the same time points of diestrous rats.
In primary cultures of rat pituitary cells, PACAP stim-ulates significant accumulation of follistatin mRNA [3, 49, 50] . In this investigation, we did not detect a significant change in pituitary total follistatin mRNA levels during the rat estrous cycle. Previously it was reported that follistatin expression increased markedly at the time of the gonadotropin surge on the afternoon of proestrus [51] . The disparity in results may be due to differences in assay techniques or by a mistiming in sample collection that, despite our sampling every 3 h, resulted in our failure to observe the previously reported short-lived increase in follistatin mRNA [51] . However, our analysis of the mRNA species encoding the 288 amino acid isoform of FST did show an increase in expression on the morning of estrus. Furthermore, the timing of increased Fst-288 mRNA expression suggests that this event may be responsible for the decrease in Fshb mRNA expression that effectively ends the secondary surge of FSH by abolishing pituitary activin signaling. Interestingly, the rise in Fst-288 mRNA on the morning of estrus is preceded by a significant increase in the level of Pacap mRNA within the anterior pituitary. PA-CAP expression on the evening of proestrus may therefore play a role in regulating pituitary follistatin and thereby terminating the secondary surge of FSH that follows ovulation in the rat. In cultures of primary pituitary cells, the mode of delivery of PACAP, that is, static vs. perfused or pulsatile vs. continuous, appears to partly determine its effect on gonadotropin synthesis and secretion. Rat pituitary cultures perifused with hourly pulses of PACAP demonstrate episodes of LH, FSH, and ␣-subunit secretion that decrease in amplitude over time, while continuous exposure to PACAP results in a rapid but transient release of the gonadotropins [3] . Furthermore, hourly pulses of PACAP increased Lhb and ␣-subunit gene expression with no effect on Fshb mRNA levels, while continuous delivery of PACAP stimulated ␣-subunit expression lengthened Lhb transcripts but decreased Fshb mRNA levels [3] . As such, the significant rise in pituitary Pacap mRNA at proestrus 2400, causing continuous exposure of pituitary cells to elevated levels of PACAP, may produce the subsequent decline in Fshb mRNA (Fig. 2) because of increased expression of pituitary follistatin on the morning of estrus ( Table 1 ). The brief surge in PVN Pacap mRNA levels at midday on the afternoon of proestrus, on the other hand, may increase pulsatile PACAP release and produce a short-lived increase in PA-CAP delivery to the pituitary, allowing for increased GnRH responsiveness with little or no effect on follistatin or Fshb expression.
In conclusion, the results presented in this report suggest that PACAP plays a role in the events preceding and following ovulation during the estrous cycle in rats. We hypothesize that increased PACAP expression in the PVN before the gonadotropin surge leads to increased responsiveness of gonadotrophs to GnRH by increasing GnRH receptor expression and/or acting synergistically with GnRH to increase gonadotropin release. In addition, we propose that increased pituitary expression of PACAP following ovulation stimulates follistatin expression and thereby contributes to the cessation of the secondary FSH surge.
